Polychlorinated Biphenyl (PCB)-dechlorinating cultures with complimentary activities, previously derived from estuarine Baltimore Harbor (B), marine Palos Verdes (P), and riverine Hudson River (H) sediments, were mixed and then inoculated into sterile sediments from the same sources. In the treatments containing sterile B sediment, the different inocula had limited impact on the bacterial community development and on dechlorination patterns, all of which were similar. In treatments containing sterile P or H sediment, however, different inocula resulted in significantly different PCB dechlorination patterns and bacterial communities. The B sediment appeared to support not only the most extensive and rapid dechlorination of the three sediments, but also supported a more diverse bacterial community. This was thought to be a result of nutritional richness, as it was high in organic carbon and micronutrients such as zinc and cobalt. Although mixing three PCB-dechlorinating cultures was able to produce a culture capable of enhanced PCB-dechlorinating activity as compared to single cultures, some activities were lost upon culture transfer. This indicates that care must be taken to establish robust PCB-dechlorinating cultures capable of extensive dechlorination prior to pursuing bioaugmentation. In addition, our results indicate that the concentration and availability of macro-and micronutrients could have a significant impact on the microbial community structure, and thus a thorough characterization of the sediment at contaminated sites is essential for implementing bioaugmentation for PCB bioremediation.
INTRODUCTION
Contamination of soil and sediment by polychlorinated biphenyls (PCBs) is a worldwide environmental problem (Hutzinger and Veerkamp, 1981) . PCBs are chemically stable and extremely lipophilic, which enable them to persist in the environment and bioaccumulate through the food chain (Safe et al., 1987) . Growing evidence indicates that PCBs pose significant threats to both the ecosystem and human health (Cogliano, 1998; Tan et al., 2003) . Therefore, remediation of PCBcontaminated sites is important for the protection of the environment and public health.
Due to the differences in initial introduction and subsequent transportation and redistribution, PCBcontaminated sites may differ in terms of scale and PCB concentration. Physical methods have been applied to remediate soils and sediments that were contaminated with high concentrations of PCBs and/or present in a confined locale (Bergen et al., 2005; Praeger et al., 1996) . This approach, however, entails subsequent treatment of excavated soil/sediment and thus is costly for large sites (Richards et al., 2005) . Bioremediation, therefore, has been extensively investigated as a costeffective method for treating PCB-contaminated sediment (Bedard and Quensen, 1995) . PCBs can be anaerobically dechlorinated to less-chlorinated congeners (Brown et al., 1987; Quensen et al., 1988) that are generally more amenable to further aerobic biodegradation . Recent evidence also suggests that they may be completely dechlorinated to biphenyl (Rhee et al., 1993; Williams, 1994; Natarajan et al., 1996) , thus eliminating the need for additional treatment.
Nevertheless, detailed knowledge about the microbiology of anaerobic PCB dechlorination is still lacking. Recent studies have begun to identify the microorganisms involved in PCB dechlorination by the 16S rRNA approach (Cutter et al., 2001; Wu et al., 2002; Yan et al., 2006) . The increasing availability of phylogenetic information about PCB-dechlorinating bacteria permits detailed analysis of indigenous microbial communities and monitoring of their development during the PCB remediation process. Therefore, the absence of known PCB-dechlorinating bacteria at a particular contaminated site, or the failure to enrich indigenous dechlorinating bacteria in situ, can be observed and mitigated by introducing preenriched PCB-dechlorinating bacteria at a high population density. This bioremediation strategy is termed bioaugmentation (Vogel and Walter, 2001) , and its application in bioremediation has received increasing attention, mainly for the treatment of recalcitrant organic compounds, such as petroleum products (da Silva and Alvarez, 2004) , halogenated organic solvents (Ellis et al., 2000) , and herbicides . Despite numerous successful cases of bioaugmentation, it has at times yielded inconsistent results (Vogel and Walter, 2001) . One issue critical to successful bioaugmentation is the survival and growth of the augmented bacteria in the target environment (Bouchez et al., 2000) . For remediation, the chemical properties of the soil or sediment, including total organic carbon (TOC), ionic composition, and the availability of critical trace metals, may play a significant role in such survival and growth. No studies, however, have been conducted to investigate how variations in the chemical properties of a soil or sediment impact the ecology and the functional performance of augmented bacteria.
The objective of this study was to investigate the effect of different sediments on augmented PCBdechlorinating cultures, in terms of PCB-dechlorinating activity and microbial community structure. PCBdechlorinating cultures, previously enriched from three different sediment sources in our laboratory (Rysavy et al., 2005; Yan et al., 2006) , were investigated in combination by inoculating them into microcosms amended with different sediments. The results of this study are important for determining whether the sediment characteristics at a contaminated site could significantly affect the success of bioaugmentation.
MATERIAL AND METHODS Source Cultures and Sediments
The enrichment of PCB-dechlorinating cultures from Baltimore Harbor estuarine sediment (B culture), Palos Verdes marine sediment (P culture), or Hudson River riverine sediment (H culture) were described previously (Yan et al., 2006) . Subsamples of the sediments used to develop the enrichment cultures were air dried and then autoclaved (121 • C; 15 psig) for 40 min on 2 consecutive days. These sterile subsamples of the sediments were then stored in an anoxic glovebag (COY Labs, MI) until needed.
Sediment characterization was performed by the Research Analytical Laboratory at the University of Minnesota. The total N was measured according to the Dumas method using a LECO FP-528 Nitrogen Analyzer (Yeomans and Bremner, 1991) , with a method detection limit (MDL) of 0.01%. Sulfate was measured using a Klett colorimeter following extraction by Ca(H 2 PO 4 ) 2 ·H 2 O and precipitation with BaCl 2 ·H 2 O (MAES, 1998); this method had an MDL of 1 part per million (ppm). Phosphate was extracted with NaHCO 3 , reduced by ascorbic acid, and then analyzed using a Brinkmann PC 600D probe colorimeter (MAES, 1998) ; the MDL was 1 ppm. Nitrate was extracted with CaSO 4 and quantified colorimetrically with an Alpkem Rapid Flow Analyzer (Willis and Gentry, 1987) , with an MDL of 0.2 ppm. The total organic carbon (TOC) and inorganic carbon were first converted by dry combustion and phosphoric acid, respectively, to CO 2 , which was subsequently measured by infrared (IR) spectrum absorption using a Skalar Primacs carbon furnace (MAES, 1998) . The MDLs for TOC and total inorganic carbon were 0.21% and 0.15%, respectively. Elemental analysis was accomplished by extracting the sediments with HNO 3 in a perfluoralkoxy (PFA) vessel using microwave heating, followed by inductively coupled plasma-atomic emission spectrometry (ICP-AES) (USEPA, 1992) . The MDLs for the analyzed elements were 1.44 (Fe), 0.32 (Mn), 0.64 (Zn), 2.16 (Cu), 6.8 (Pb), 1.84 (Ni), 0.56 (Cd), 1.2 (Cr), 1.04 (Co), 14.4 (Al), 1.92 (B), 3.36 (Ca), and 15.28 (Mg) ppm. For the sediment analysis, duplicate blank controls were included for each and every analysis. Triplicates were also analyzed for the Baltimore Harbor and Hudson River sediment and duplicates were analyzed for the Palos Verdes sediment.
Experimental Set-Up
Reduced anaerobic mineral medium (RAMM) was prepared as described by Shelton and Tiedje (1984) , except that 2 mM L-cysteine hydrochloride was used as a reducing agent instead of Na 2 S, as sulfide ion was previously reported as inhibitory to PCB dechlorination (Rysavy et al., 2005) . The pH of the medium was adjusted to 7.0 with H 3 PO 4 or NaOH. The medium was sterilized by autoclaving and was stored in an anaerobic glove bag until use.
Microcosms were set up in 160-ml serum bottles. Each bottle was first amended with 5 g of sterile dry sediment; 2,3,4,5-chlorinated biphenyl (2,3,4,5-CB; 10 µmoles in 0.3 ml hexane) was added directly onto the sediment. The hexane was allowed to fully evaporate (verified by observation) in the glovebag for approximately 1 h. RAMM medium (100 ml) and 1 ml of an anoxic fatty acid solution (acetate, butyrate, and propionate) were then added to each bottle to reach a final concentration of 20 mM for each acid. The pH of the medium was then adjusted to 7.0 using NaOH or H 3 PO 4 . Four culture mixtures (i.e., BP, PH, BH, and BHP) were obtained by mixing together either two or three of the PCB-dechlorinating source cultures (the B, P, or H cultures). These were used to inoculate the microcosms (Table 1) . For example, 2 ml of each of the supernatants of cultures B and P were withdrawn and mixed to make culture mixture BP; this mixture was then used to inoculate microcosms containing sterile and dry sediment B and microcosms containing sterile and dry sediment P. As a quality assurance measure, the source cultures themselves (e.g., the B culture) were also inoculated back into the sterilized sediments of the same origin (e.g., sediment B) to verify the cultures' activities. The bottles were then capped with Teflon-lined rubber stoppers and sealed with aluminum crimps. The bottles were shaken on a wrist-action shaker for 2 h to homogenize the added 2,3,4,5-CB, after which they were incubated on a rotating shaker (120 rpm) at room temperature for the duration of the experiment. All treatments were prepared in triplicate. The treatments prepared are summarized in Table 1 .
PCB Extraction and Analysis
The sample extraction method for PCB analysis was based on the method of Quensen et al. (1988) and has been described in detail previously (Rysavy et al., 2005; Yan et al., 2006) . Briefly, sediment slurry samples were withdrawn from thoroughly mixed microcosms in an anaerobic chamber. Samples were weighed and then extracted, first with acetone (10 ml), followed by two hexane-acetone (1:1) (10 ml) extractions. The pooled extracts (30 ml) were sequentially purified with a 2% (v/v) NaCl solution (10 ml), a 30% (v/v) sulfuric acid solution (4 ml), and again with a 2% (v/v) NaCl solution (10 ml). The purified extracts were then dried with anhydrous Na 2 SO 4 , filtered through a florisil-copper (25% copper w/w) column, and normalized to a total volume of 25 ml hexane for subsequent analysis. The extracted PCBs were analyzed on a gas chromatograph (GC; Hewlett Packard, HP 5890) equipped with an electron capture detector (ECD). An HP-1 capillary column (25 m × 0.200 mm × 0.11 µm film thickness) was used for congener separation. Identification of 2,3,4,5-CB and its dechlorination products was primarily based on their respective retention times in reference to those of authentic standards (AccuStandard). Product congeners were further verified using a GC (HP 5890, Series II) equipped with an HP 5972 mass selective detector (MS). External 7-point calibration curves were established for the quantification of individual congeners; the MDL for 2,3,4,5-CB was 0.01 µM.
Microbial Community Analysis
Samples for community analysis were taken from the microcosms in the same way as the samples for PCB analysis. The samples were centrifuged at 10,000 × g for 10 min; after removing supernatant, the sediment pellets were frozen at −70 • C until needed. Cell lysis was accomplished by a combination of detergent and beadbeating (Miller et al., 1999) . Briefly, 450 µl phosphate buffer (100 mM, pH = 8) and 450 µl of lysis buffer (100 mM NaCl, 500 mM Tris [pH = 8], 10% [w/v] sodium dodecyl sulfonate) were added to the sediment pellets, and incubated at 70 • C for 90 min. Genomic DNA extraction by bead-beading and subsequent purification were accomplished using a FastDNA kit for soil (Q-BIOgene, Vista, CA), according to the manufacture's procedure. Partial 16S rRNA genes were amplified from the extracted genomic DNA by polymerase chain reaction (PCR) using bacterial universal primers PRBA338F and PRUN518R, with a GC-clamp attached to the forward primer (Muyzer et al., 1993) . The final 50 µl reaction mixture contained: 1 × PCR buffer (Promega, Madison, WI), 175 µmol MgCl 2 , 4 nmol deoxynucleoside triphosphates, 2% bovine serum albumin, 25 pmol forward and reverse primers, 1.25 units of Taq polymerase (Promega), and ∼ 1 ng of template DNA. The PCR protocol included a 5-min initial de-naturation at 94 • C, 30 cycles of 92 • C for 30 s, 55 • C for 30 s, and 72 • C for 30s, and a final extension for 10 min at 72 • C.
PCR products were loaded onto 8% (w/v) polyacrylamide gels with the denaturing gradient ranging from 30% to 55% (100% denaturant contains 7M urea and 40% formamide in 0.5 × Tris-acetate-EDTA [(TAE)] buffer). Electrophoresis was performed on a D-Code apparatus (BioRad; Hercules, CA) in 0.5 × TAE buffer at 60 • C, initially at 20 V for 20 min, followed by 200 V for 270 min. Gels were stained with SYBR Green I (Molecular Probes; diluted 1:5000 in 0.5 × TAE), visualized on a ultra violet (UV) transilluminator, and photographed with a digital CCD camera (BioChemi System; UVP, Upland, CA).
Statistical Analysis
The differences in dechlorination extent among treatments were analyzed by the Student's t test to determine statistical significance ( p ≤ .05). Principal component analysis was used to group cultures based on their bacterial community structures as illustrated by PCR-denaturing gradient gel electrophoresis (DGGE). Bands were automatically identified by the BioChemi system, and horizontally comigrating bands in different gel lanes were considered to represent the same bacterial population. A binary matrix was established based on the presence or absence of identified bands in each gel lane. The extraction of principal components was performed using Microsoft Excel with statistiXL version 1.4 (Kalamunda, Australia), and the first two major principal components were plotted using SigmaPlot version 8.02 (SPSS, Chicago, Illinois).
RESULTS

Sediment Characteristics
The three sediments used in this study were substantially different ( Table 2) . As expected, the estuarine sediment B and marine sediment P had a much higher sulfate content than the riverine sediment H. After dilution, about 7.05 and 6.15 mg/l sulfate was present in the B sediment-and P sediment-containing microcosms, respectively. Generally, sediment B had the highest concentrations of macro-and micronutrients. Taking into consideration the 18 mmole TOC introduced by the medium itself, the TOC in the microcosms containing B sediment was approximately 1.8 and 1.9 times that in the microcosms containing H and P sediment, respectively. The sediment from B also contained the highest concentration of total N. The trace element analyses of the sediments showed that B sediment was also much richer in trace nutrients than the other two sediments ( Table 2) . Among the three sediments, the H sediment contained the lowest concentrations of all of the trace elements. The B sediment contained approximately 4, 5, 8, and 2 times more zinc, copper, lead, and cobalt than the P sediment, respectively, and approximately 12, 23, 7, and 6 times more zinc, copper, lead, and cobalt than the H sediment, respectively.
Sediment Effects on the Dechlorination of 2,3,4,5-CB
Identical mixtures of the cultures exhibited distinctively different 2,3,4,5-CB dechlorination patterns depending upon which sediment was present (Figure 1) . When culture mixture BP was inoculated into microcosms containing sediment B (BP-B), microbial dechlorination started before Day 62, whereas significant dechlorination was observed only after 120 days of incubation when the BP culture mixture was inoculated into sediment P (BP-P) ( Figure 1A) . Dechlorination commenced at approximately the same time in microcosms inoculated with the BH culture; nevertheless, by the end of the experiment, more extensive dechlorination was observed in the presence of sediment B (BH-B) as compared to cultures incubated in the presence of sediment H (BH-H) ( Figure 1B) . Differences, although less distinctive, were also discernable in the dechlorination of 2,3,4,5-CB by culture mixture PH in the presence of sediments H or P; dechlorination began slightly earlier in the presence of sediment H, whereas slightly more dechlorination occurred in the presence of sediment P ( Figure 1C) .
The effect of sediment type on dechlorination by the mixture of all three cultures (BPH) was complex ( Figure  1D) ; nevertheless, careful examination reveals the same general patterns as observed with mixtures containing only two of the cultures. Dechlorination in microcosms containing sediment B occurred with the shortest lag period and was the most extensive, whereas dechlorination in microcosms containing sediment P occurred after the longest lag period and that in microcosms containing sediment H was the least extensive.
The molar distribution of 2,3,4,5-CB and its dechlorination products, (2,3,5-CB, 2,4,5-CB, and 2,4/2,5-CB) at the end of the experimental period were also consistent with the observations made over time (Figure 2 ). All treatments containing sediment B behaved similarly, with 2,3,4,5-CB almost gone and extensive dechlorination observed after 189 days of incubation (columns 1 to 4, Figure 2 ). This uniformity indicates that the characteristics of sediment B exerted a significant impact on the microbial dechlorination of 2,3,4,5-CB.
In contrast, variations were obvious in treatments containing sediments P or H (columns 5 to 12, Figure  2) , demonstrating that these two sediments had a less significant overall effect on dechlorination than sediment B. In fact, in these microcosms a synergistic effect from mixing the three cultures together could be observed. In the microcosms containing sediment P, the final dechlorination products varied, with 2,4/2,5-CB only observed in treatments PH-P and BHP-P, and dechlorination to only 2,3,5-CB and 2,4,5-CB in treatments BP-P, PH-P, and P-P. Treatment BHP-P exhibited almost complete loss of the parent congener 2,3,4,5-CB, with a dechlorination extent comparable to that observed in microcosms containing sediment B. Similar observations can also be made with microcosms containing sediment H. For example, treatment BHP-H exhibited more extensive dechlorination than treatments PH-H, BH-H, and H-H. This synergistic effect in the BHP cultures was not obvious in microcosms containing sediment B, likely because sediment B exerted a stronger influence on the community development, and therefore, dechlorination pattern.
Bacterial Community Analysis
Bacterial community structures were profiled to further illustrate the impact of sediment characteristics on the development of 2,3,4,5-CB-dechlorinating communities. At the end of the experiment (day 189), the bacterial communities in one replicate of each of the treatments were analyzed by PCR-DGGE ( Figure 3A) . Principal component analysis (PCA) of the bacterial community fingerprints identified two principal components (PCA1 and PCA2) accounting for 38.6% of the variability ( Figure 3B ). The bacterial communities in microcosms containing sediment B grouped closely, which is in agreement with their similar dechlorination activities (Figure 1 and 2) . The similarity in both the community structure and dechlorination activity of the cultures incubated with sediment B suggests that this sediment was able to strongly affect the enrichment and survival of the bacterial community, including those members capable of dechlorination. Sediments P and H also appeared to affect the bacterial community development, although less markedly. This is evident in treatments PH-P and PH-H where different bacterial community structures developed ( Figure 3A) despite identical inocula.
DISCUSSION
The three source cultures used for bioaugmentation in this study initially exhibited different PCBdechlorinating activities that were to some degree complementary to each other (Yan et al., 2006) . For example, microorganisms enriched from sediment P dechlorinated 2,3,4,5-CB to approximately equal quantities of 2,4,5-CB and 2,3,5-CB, the latter of which persisted as a dead-end product, where as 2,4,5-CB was further dechlorinated (Yan et al., 2006) . The cultures enriched from sediments B and H, however, dechlorinated 2,3,4,5-CB mainly to 2,3,5-CB, which was further dechlorinated (Yan et al., 2006) Nevertheless, these varied dechlorination activities were not maintained upon mixing the cultures with each other. This is further compounded by the observation that in some cases even subculturing lead to a loss of PCB-dechlorinating activity; for example, microcosms P-P and H-H showed less extensive dechlorination than their respective source cultures (Yan et al., 2006) . This observation is in agreement with previous studies that reported difficulty in maintaining and transferring PCB-dechlorinating activity (Bedard and Quensen, 1995) and suggests that environmental factors or microbial interactions may significantly affect the function of a particular community, and its consequent application in bioaugmentation.
In this study, we demonstrated that the incubation of initially identical cultures in the presence of different sediments affected the microbial dechlorination of 2,3,4,5-CB. This was thought to be a result of the sediment stimulating the selective enrichment of certain populations over time, as observed by differences in the PCR-DGGE patterns after 189 days of incubation. It was an intriguing observation that sediment B imposed a stronger influence on the bacterial community structure and dechlorination pattern, regardless of the source of the inoculum, than sediments P and H did. One potential explanation is that sediment B was rich in nutrients, as demonstrated by sediment characterization, and thus was able to provide more nutrients to the dechlorinating bacteria, thereby impacting the community structure and dechlorination activity more strongly.
Among the differences in the sediments, particularly interesting were the relatively high trace metal concentrations in sediment B. The availability of trace metals, particularly cobalt, may be of particular significance as the dehalogenases of previously isolated dehalorespirers, such as Dehalococcoides ethenogenes strain 195 (Maymó-Gatell et al., 1997) and Dehalobacter restrictus (Holliger et al., 1998) , required cobalt for the synthesis of corrinoids (Schumacher et al., 1997; Magnuson et al., 1998) . The stimulatory effect of cobalt on Dehalococcoides ethenogenes strain 195 was previously demonstrated, as cobalamin significantly enhanced dechlorination of trichloroethene (Maymó-Gatell et al., 1997) . In experiments with the methanogen Methanosarcina barkeri, it was found that the availability of cobalt, nickel, and iron strongly influenced the synthesis of corrinoids, coenzyme F 430 , and cytochromes (Lin et al., 1989) . Therefore, the enhanced availability of such trace metals in sediment might be critical for the expression and/or production of dehalogenases, or may provide niches for synergistic organisms, such as methanogens (Adamson and Parkin, 2001) , that can provide these cofactors to the dechlorinating bacteria. This warrants further investigation to improve the applicability and practicality of bioaugmentation as a remediation technology (Vogel and Walter, 2001) . The strong influence of sediment B may provide useful insights with respect to important factors in the survival of PCBdechlorinating bacteria.
In conclusion, we found in this study that the sediment origin and chemistry significantly affected the activity and community structure of bioaugmented PCB-dechlorinating microorganisms. These effects were most likely a result of the survival and enrichment of particular microbial populations as a result of macro-and micronutrient concentrations and availability. The impact that different sediments impose on augmented microorganisms suggests that thorough biological and chemical characterization of a contaminated site may be essential for successful bioaugmentation.
